I. INTRODUCTION

W
ITH the increase of power system capacity, short-circuit capacity increases. Short-circuit current may exceed the interrupting capacity of breaker. It is an emergency to take some steps for short-circuit current limitation. The Saturated Core High Temperature Superconducting (HTS) Fault Current Limiter (FCL) is one kind of innovative protection apparatus for high voltage power grids. It works automatically; furthermore, it offers many advantages: rapid reaction to fault current, low impedance in normal conditions, and large impedance during fault conditions [1] - [3] .
Voltage distribution of ac coils of HTS FCL is extremely uneven under transient overvoltage. And high frequency voltage oscillation is occurred, which may threaten the ac coil insulation. In this paper, voltage distribution and its oscillation of HTS FCL are discussed under the lightning impulse voltage. The insulation property may be verified by imposing the electrical potential on each pancake of ac coil. Fig. 1 shows the schematic diagram of a single-phase saturated core HTS FCL. It includes two magnetic cores, two ac coils, and one superconducting dc bias coil. The permeability of the magnetic core is nonlinear. In normal operation, both magnetic cores are saturated due to dc bias. As a result, the FCL impedance is very low. When a short-circuit fault occurs, rapid increase of ac current drives both magnetic cores alternatively out of the saturation. Hence, the cores of FCL alternately work in linearity. The impedance of the FCL becomes incredibly large and the fault current is then limited.
II. LUMPED PARAMETER MODEL UNDER TRANSIENT OVERVOLTAGE
The actual HTS FCL is complicated. In Fig. 1 , each ac coil has the same structure, i.e., 60 turns and 36 pancakes, and both be operated under the same phase. In order to analyze the transient impulse voltage distribution, an ac coil needs to be subdivided into several equivalent units, as shown in Fig. 2(a) . In this paper, each pancake is regarded as a unit. The equivalent unit consists The distribution of the initial voltage in the coil is determined by the steep-front impulse voltage invading the coil. However, the inductances have an influence on the steady voltage distribution. Therefore, the exact capacitance and inductance calculation model for the coils are critical to compute the impulse voltage distribution.
A. Calculation of Capacitance Parameters
There are two kinds of capacitances in the equivalent circuit. One is longitudinal equivalent capacitance and the other is grounding capacitance. The longitudinal capacitance expresses the electric field effect between the turn-to-turn capacitance and the pancake capacitance, whereas the grounding capacitance reflects the electric field effect between the coil and the ground, such as grounded core.
In this paper, equivalent capacitance parameters are calculated by Finite Element Analysis (FEA) method. As the number of turns per pancake is not an integer, a 3-D FEA coil model is built to analyze the capacitance parameters. Fig. 3 shows the capacitances between the first and the rest pancakes. Based on Fig. 3 , the pancake capacitance is dominated by the capacitance between the first and a few adjacent pancakes. The capacitances between the first and the pancakes further away are too small to be taken into consideration. The grounding capacitances of the pancakes are depicted in Fig. 4 . In Figs. 3 and 4 , grounding capacitance is about 10% of the capacitance between adjacent pancakes. Therefore, the capacitance between pancakes dominates the effect on the initial voltage distribution in coils, while a transient overvoltage suddenly happened.
B. Calculation of Inductance
A single-phase ac coil consists of two coils. Both are of the same structure and size. The two coils are wounded on separate cores. Therefore, mutual inductance between the two coils can be reasonably ignored. However, the self-inductance of each pancake and mutual inductances among pancakes should be considered. Axisymmetric magnetic field is adopted for analysis. In the case of very fast transient overvoltage, the core might be ignored due to the skin effect [4] .
The self-and mutual inductances of the pancakes in FCL ac coil are calculated by using the energy perturbation method [3] based on FEA. All self-and mutual inductances are computed. Taking the tenth pancake as an example, mutual inductance between the tenth and all other pancakes is lower than that of the tenth pancake's self-inductance (see Fig. 5 ). Fig. 6 shows the self-inductances of all pancakes. Since the number of turns of outer pancakes is less than that of middle pancakes, the self-inductances are lower.
IV. CALCULATION RESULTS
The equation of the equivalent circuit can be expressed as follows: (1) where is the column vector of the nodal voltage, is the nodal cut set capacitance matrix, is the inverse nodal cut set inductance matrix, and are used to describe the voltage sources in the capacitive and inductive branches, respectively, and is the transient overvoltage source. The coil resistances are ignored.
The coefficient matrix in (1) is symmetric positive definite that satisfies the generalized eigenvalue problem. Therefore, the generalized eigenvalue method is used to solve this problem.
A. Voltage Distribution Under Full Lightning Impulse
According to the equivalent model shown in Fig. 2(b) , the standard full and chopped lightning impulse voltages [4] are, respectively, excited to the ac coils of FCL. Under the standard full lightning impulse voltage, the electrical potential distribution of all the pancakes at the moment of 0.8 is depicted in Fig. 7 . Clearly, while an impulse voltage excitation is applied, the voltage distribution of ac coils of HTS FCL is extremely uneven. Figs. 8 and 9 show electrical potential of the 5th and 50th pancakes, respectively. The exchange of energy between capacitance and inductance leads the electrical potential oscillation in all pancakes. But the electrical potential oscillates more violently near the ends, which is affected much less by the impulse overvoltage. Fig. 10 shows the maximum voltage of oil ducts. It can be seen that the peak electrical potential difference is located at the 27th oil duct and it is about 7.08% of the peak exciting voltage under full lightning impulse voltage. The actual voltage drop can be calculated as 67.26 kV. According to the National Standards of China, the height of its oil duct is 6 mm, while the allowed impulse voltage is 143 kV. Therefore, the oil insulation may undertake the full lightning impulse. Electrical potential difference of all oil ducts satisfies the design criterion. 
B. Voltage Distribution Under Chopped Lightning Impulse
The transient electrical potential distribution excited by the standard chopped lightning impulse voltage is calculated. Fig.  11 shows a result of such distribution at the 2.7 . The voltage distribution of ac coils of HTS FCL is extremely uneven under the standard chopped lightning impulse voltage. Figs. 12 and 13 show the electrical potential of the 5th and 50th pancakes, respectively. The maximum voltage of oil ducts is shown in Fig. 14. The seventh oil duct has the peak electrical potential difference about 12.91% of the peak exciting voltage under chopped lightning impulse voltage. The voltage drop can be calculated as 135.56 kV and the allowed impulse voltage is 193 kV. Therefore, the oil insulation may undertake the chopped lightning impulse. Because insulation strength under chopped lightning impulse is smaller than that under full lightning impulse, so the check of longitudinal insulation under chopped lightning impulse is more significant.
C. Perturbation of Parameters
To determine the effect of parameters on the FCL ac coil voltage distribution, perturbation analysis of each parameter is analyzed. Table I shows the impact of the inductance, longitudinal capacitance, and grounding capacitance in the FCL equivalent circuit model on the condition of maximum electrical potential difference of oil ducts. In Table I , 20% indicates that parameter increases by 20%, and 20% indicates that parameter reduces by 20%. It indicates that the effect of FCL ac coil inductance can be ignored under lightning impulse voltage, while longitudinal capacitance and grounding capacitance have greater impacts on the voltage distribution. The maximum electrical potential difference can be reduced by increasing the longitudinal potential difference under full lightning impulse and chopped lightning impulse exist in no. 27 and no. 7 oil ducts, respectively, which result in the weakness of longitudinal insulation in ac coil. And insulation strength under chopped lightning impulse is smaller than that under full lightning impulse, so the evaluation of longitudinal insulation under chopped lightning impulse is more significant. The threat of lightning impulse on the insulation can be weaken by increasing the longitudinal capacitance and/or decreasing the grounding capacitance.
